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Abstract Highly luminescent Ag-ion-doped Cd;_,Zn,S
(0 < x < 1) alloy nanocrystals were successfully synthe-
sized by a novel wet chemical precipitation method.
Influence of dopant concentration and the Zn/Cd stoichi-
ometric variations in doped alloy nanocrystals have been
investigated. The samples were characterized by X-ray
diffraction (XRD) and high resolution transmission elec-
tron microscope (HRTEM) to investigate the size and
structure of the as prepared nanocrystals. A shift in LO
phonon modes from micro-Raman investigations and the
elemental analysis from the energy dispersive X-ray anal-
ysis (EDAX) confirms the stoichiometry of the final
product. The average crystallite size was found increasing
from 1.0 to 1.4 nm with gradual increase in Ag doping. It
was observed that photoluminescence (PL) intensity cor-
responding to Ag impurity (570 nm), relative to the other
two bands 480 and 520 nm that originates due to native
defects, enhanced and showed slight red shift with
increasing silver doping. In addition, decrease in the band
gap energy of the doped nanocrystals indicates that the
introduction of dopant ion in the host material influence the
particle size of the nanocrystals. The composition depen-
dent bandgap engineering in CdZnS:Ag was achieved to
attain the deliberate color tunability and demonstrated
successfully, which are potentially important for white
light generation.
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Introduction

II-VI compound semiconductor nanocrystals have been
paid great attention owing to their unique optical properties
that can be tuned not only by changing the particle size but
also by changing the composition of the alloy [1-3].
Among them, the wide band gap nanocrystalline materials
have opened avenue in fundamental studies and tremen-
dous potential applications in diverse areas such as solar
cell, photo-catalysis, sensors, photonic and other opto-
electronic devices [4-7]. Toward this end, considerable
efforts have been devoted on the high temperature syn-
thesis of Cd;_,Zn,S (0 < x < 1) nanocrystalline thin films
by chemical vapor deposition (CVD), molecular beam
epitaxy (MBE), metal organic vapor phase epitaxy
(MOVPE) and rf-sputtering method [8-10], but very less
attention is paid toward the low temperature chemical
synthesis of high quality water soluble alloy nanocrystals.
Nanocrystals synthesized by chemical route gives the
chance to control their size, distribution and the most
important is to improve the crystallinity by altering the
concentration of the reagents and their mixing rate at dif-
ferent temperature [11]. These small-size nanostructures
have a large surface to volume ratio, which plays a dom-
inant role in optical properties of the nanostructures. For
the good quality nanomaterials, various kinds of capping
agents and inorganic shell are used to passivate the unde-
sired sites, which results in the enhancement of lumines-
cence intensity. Doping different activator ions (acts as a
recombination center) in these stabilized nanostructures not
only gives the chance to obtain required emission color, but
it also reduces the self quenching by intrinsic defects in the
nanocrystals [12]. There are numerous reports on the
optical properties of various metal and rare earth ions
doped ZnS, CdS, ZnSe, and CdSe nanostructures, but
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studies on the their doped alloy nanostructures are still very
limited [13-16]. ZnS nanocrystals doped with Ag ion has
been paid a great devotion by several researches because of
its commercial application as a blue emitting phosphor
[17]. In best of our knowledge, there is no report except
Karar et al. on the optical properties of the Ag ion doped
Cd;_.Zn,S alloy nanocrystals [18].

In our previous report, the structural and photolumi-
nescence properties of chemically synthesized undoped
Cd;_4Zn,S (0, 0.2, 0.4, 0.6, 0.8 and 1.0) alloy nanocrystals
were discussed in detail [19]. It was observed from the
obtained results that the XRD peaks are shifted toward
higher 20 values, and the excitation and emission spectra
are blue shifted with increasing molar concentration of Zn
in alloy. In the present study, for the first time, we have
successfully synthesized the Ag-ion-doped Cd;_,Zn,S
(x=0,0.2,0.4, 0.6, 0.8 and 1.0) alloy nanocrystals by wet
chemical precipitation method and systematically studied
the PL properties of doped alloy nanocrystals over all the
compositions of Zn and Cd constituents. In addition, effect
of dopant concentration on the PL intensity of alloy
nanocrystals has been also studied and explained. Raman
investigation and absorption measurements were also
performed to confirm the formation of doped alloy
nanocrystals.

Experimental

Zinc acetate (Zn(CH;COO),-2H,0), cadmium acetate
(Cd(CH;C00),-2H,0), urea (NH,CONH,), silver nitrate
(AgNO3;), triethylamine (N(CH,CH3);) were purchased
from Merck India Limited and thiourea (NH,CSNH,) was
purchased from RENKEM. All chemicals were of analyt-
ical grade and used as received without any further puri-
fication. Milli-Q water was used as a solvent for all
chemical reactions. Nanocrystals were prepared using a
simple chemical co-precipitation method as reported by
Chawla et al. with minor modifications in the reaction
conditions [20]. The detailed description of the experi-
mental procedure is described as follows: firstly appropri-
ate amount of zinc acetate and cadmium acetate (according
to their molar ratio as required for the particular compo-
sition) was dissolved in 25 ml of water to make 0.5 M
solution named solution A. To make the sulfur solution,
1 M thiourea, 1 M urea and 2 ml triethylamine (TEA) were
dissolved in 25 ml water named solution B. Both the
solutions were stirred until a colorless transparent solution
obtained. TEA was used in the chemical reaction because it
makes a complex with Zn and Cd ion and reduces their
solubility product difference and urea to control the pH of
solution. Doping of Ag ion was achieved by adding the
calculated amount of Ag(NO3), (0, 2, 4, 8, 12 and 15 M%)

in the initial solution A. Solution B was kept at hot plate
magnetic stirrer at 70°C temperature and then solution A
was added drop wise in solution B @ 1 ml/min with
keeping the stirring on. The color of obtained precipitate
changes from white to deep yellow by varying the ratio of
Cd and Zn in the starting solution. Finally the precipitate
was centrifuged, washed with water and ethanol several
times and then dried in vacuum oven at 100°C to obtain the
powder nanocrystals for the characterization purpose.

To calculate the particle size and structure of the
nanocrystals, X-Ray diffraction was carried out on Rigaku
D/max-2200 PC diffractometer operated at 40 kV/20 mA
using CuK, radiation with wavelength of 1.54 A in the
wide angle 26 range from 10 to 60°. Technai 30 G* S-Twin
high resolution transmission electron microscope
(HRTEM) operated at 300 KV was used to obtain the
particle size and electron diffraction image. For TEM,
sample was prepared by suspending the CdgsZngeS:Ag
(8 M % of Ag ion) powder in ethanol and depositing a drop
of this ethanolic solution onto the carbon coated copper
grid and then dried it at room temperature. Photolumines-
cence (PL) measurement was carried out using Perkin
Elmer LS-55 Luminescence spectrophotometer, while
Perkin Elmer Lambda-35 was used to measure UV-vis
absorption spectra. A Renishaw micro-Raman spectrome-
ter (Model-2000, 4 = 514 nm) integrated with nanonics
atomic force microscopy (AFM) is used to investigate the
optical phonon modes of the synthesized nanopowder.
Raman spectrum is recorded by selecting 20X objective of
integrated Lica microscope with the spot size 20 pm.

Results and Discussion

Effect of alloy composition on the XRD spectra is already
reported in our previous article [19]. Figure 1 shows the
XRD profile of Cdy4Zng¢S:Ag nanocrystals with different
Ag ion concentration (0, 2, 4 and 8 M% of Ag ion). X-ray
diffraction pattern of the samples exhibit peaks centered at
27.37, 44.42 and 53.29°, which correspond to cubic
structure of the nanocrystals with three most preferred
orientations along the (111), (220) and (311) planes. The
peaks are well matched with the standard Joint Committee
on Powder Diffraction Standard (JCPDS) file. XRD con-
firms the phase singularity of the synthesized material, i.e.
no other peak is observed corresponding to their binary
system or the silver impurity, which confirms the formation
of alloy nanocrystals rather than their separate nucleation
or phase formation. Broad diffraction peaks confirm the
nanocrystalline nature of the particles and can be used to
calculate the average crystallite size by Debye Sherrer
equation [21]
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Fig. 1 XRD spectra of Cdy4ZngeS:Ag quantum dots for different
composition of Ag ion impurity (0, 2, 4 and 8 M %). Standard JCPDS
files for cubic CdS and ZnS are shown on the top and bottom of the
X-axis, respectively
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where 1 is the wavelength used in XRD, 6 is Bragg angle
and FWHM is full width of half maxima at 26 angle. The
estimated crystallite size of the nanocrystals using the
above equation (1) is found to be increased from 1.0 to
1.4 nm with increasing Ag ion concentration. The increase
in particle size is also clear from the decrease in the
FWHM of the XRD peaks.

Figure 2 shows the transmission electron micrograph
(TEM) and selected area electron diffraction (SAED) pat-
tern of Cdy4ZnpeS:Ag (8 M % of Ag ion) nanocrystals.
TEM image reveals that the particles are spherical in shape
having diameter less than 5 nm. Homogeneous distribution
of the nanocrystals is also confirmed by HRTEM as shown
in Fig. 2b. SAED pattern (inset of Fig. 2a) and well-
resolved lattice fringes (interplanar spacing ‘d’ = 3.1 A)
obtained in HRTEM (inset of Fig. 2b) indicate the for-
mation of the cubic structure and crystalline nature of the
particles, respectively. These results are consistent with the
results obtained from the XRD spectra. We have also
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Fig. 2 TEM image of a Cdy4Zng¢S:Ag nanocrystals and b corre-
sponding HRTEM image. Inset of a and b represents their
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corresponding SAED and interplanar spacing‘d’. Representative
EDX spectra of doped alloy nanocrystals are shown in ¢, whereas
for undoped sample, the EDX is given in d
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performed the energy dispersive X-ray analysis (EDAX)
for undoped and doped (8 M % Ag) Cdy 4Zng ¢S system for
the compositional analysis as shown in Fig. 2c, d, respec-
tively. From the EDAX analysis, it is confirmed that stoi-
chiometric of the Zn, Cd and Ag constituent is maintained
in the finally prepared nanocrystals. From the EDAX line
traces, the presence of Ag ion into the crystal structure of
Cdy4Zng ¢S can also be concluded. The peaks of C and O
are from the carbon coated copper grid substrate used for
the sample preparation.

Figure 3 shows the micro-Raman spectroscopic graph
for the investigation of vibrational properties of
Cdy4ZngS:Ag (8 M % of Ag ion) nanopowder. Ar' ion
laser source with excitation wavelength 514 nm is used to
excite the material. Raman spectra of the samples show
two broad asymmetric peaks correspond to the scattering
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Fig. 3 Raman spectra of the undoped and Ag doped Cdj4ZngeS
alloy nanocrystals with excitation wavelength 514 nm

from 1LO and 2LO phonon modes [22]. Shift in the peak
position and asymmetric broadening toward lower fre-
quency side appears in the nanocrystals compared to their
bulk material, which is due to the relaxation of the fun-
damental selection rule g ~ 0 (where q is the scattering
vector) and allows the participation of phonon away from
the brillouin zone center to contribute in Raman scattering
[23, 24]. No peak is observed corresponding to scattering
from silver sulfide phase, which confirms the doping of Ag
ion in the host nanocrystals. Position of 1LO phonon
peak (~319 cm™') deduced from Raman spectrum of
Cdg.4Zng ¢S is shifted toward higher wave number side in
comparison with the 1LO phonon peak position for CdS
(~297 em™ Y [22] nanocrystals, which substantiates the
formation of alloy nanocrystals. We have not observed any
appreciable shift in Raman spectra of doped sample in
comparison with the undoped one.

Figure 4 shows the photographs of doped and undoped
Cdp4Zng ¢S nanocrystals under the UV lamp. Figure 4a
shows the color of as prepared nanocrystals in the ordinary
light, whereas photographs shown in Fig. 4b, ¢ correspond
to the bright green and bright orange-red color lumines-
cence from the undoped and Ag-ion-doped samples,
respectively, under UV illumination (365 nm). Optical
absorption measurement for Cdy4Zng¢S:Ag (2, 4, 8 M %
of Ag ion) nanocrystals are shown in Fig. 5. Absorption
peak position at about 368 nm is blue shifted correspond-
ing to their bulk counterparts and reveals the nanocrystal-
line nature of the particles. A red shift of 10 nm in the
absorption band is also found with increasing the content of
Ag ion in the alloy nanocrystals [25]. This shift in
absorption spectra appears due to the increase in particle
size with the substitution of comparatively larger radii Ag
ion in the host material. The results obtained from the UV—
Vis spectroscopy are consistent with the XRD results.
Absorption spectra do not show any additional band and
rules out any extra phase formation in the alloy
nanocrystals.

Fig. 4 Photographs of the synthesized material a in ordinary lamp b green emission from undoped Cdg 4Zng ¢S nanocrystals under UV excitation
and ¢ orange emission from doped Cdg4Zng¢S:Ag (8 M %) nanocrystals under UV lamp (excitation wavelength 365 nm)
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Fig. 5 Optical absorption spectra of silver ion doped Cdj4ZngeS
nanocrystals for different doping concentration (2, 4, 8 M%)
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Fig. 6 Room Temperature PL spectra of the Cdy4Zng6S:Ag nano-
crystals recorded at 350 nm excitation wavelength. Concentration of
Agion (0, 2, 4, 8, 12, 15 M %) significantly affects the intensity ratio
of defect related transition and dopant related transition. Inset shows
the Gaussian fitted deconvoluted spectra for undoped nanocrystals

Room temperature PL spectra of Cdj4Zng¢S nano-
crystals with different Ag ion concentration (0, 2, 4, 8, 12,
15 M % of Ag ion) are shown in Fig. 6. The measurements
have been performed at an excitation wavelength of
350 nm. PL spectra for the undoped nanocrystals of
Cdy4Zng ¢S show a broad asymmetric peak, which implies
the superposition of multiple emission bands. The spectra
are fitted with Gaussian curve fitting, which results in the
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three emission bands centered at 480, 520 and 558 nm.
From the UV-Vis measurement, it is obvious that above
transitions do not belong to a band edge emission, since
these emission bands are largely red shifted from the
absorption edge. These transitions belong to the native
defects produced in the nanocrystals due to very small size.
Emission peak at 480 nm can be attributed to the transition
from the shallow trap level, while peak at 520 nm can be
assigned to the radiative transition from the deep trap states
due to the sulfur vacancy. This was confirmed by per-
forming the similar experiment for the undoped nano-
crystals with the different content of sulfur ions (figure not
shown here). The peak intensity corresponding to 480 and
520 nm was found decreasing with increasing amount of
sulfur [26]. So it is suggested that the PL peak belongs to
the transition from the sulfur vacancies, which reduces with
increasing sulfur content in the chemical reaction. PL peak
position at 558 nm belongs to the radiative transition from
the sulfur vacancy to the interstitial sites created by Zn and
Cd ions in the alloy [27]. No additional impurity phase is
observed for the undoped sample, confirmed by EDAX
measurements. For the silver-ion-doped Cdg4ZngeS
nanocrystals, an additional strong emission band emerges
at 570 nm that can be ascribed to the recombination of
electron trapped near the conduction band and the hole
trapped in the level of doped Ag impurity always lie near
the valance band. We have also performed the similar
experiment for the different concentration of Ag doping
(keeping the composition of alloy is fixed i.e. Cdg4Zng ¢S)
and studied the influence of dopant concentration on the
emission intensity of the nanocrystals. A continuous
increase in the emission peak intensity is observed, which
is slightly red shifted (~ 10 nm) with the increasing con-
centration of Ag ion upto an optimum concentration (in our
case 8 M %). At this concentration, the emission that
belongs to the Ag impurity is completely dominated over
the defect-related transition. The observed red shift in the
emission band with increasing doping concentration can be
explained by the increased particle size with doping con-
centration (confirmed by XRD and UV-Vis characteriza-
tion). Change in particle size with increase in doping
concentration has also been observed by Geng et al. and Ye
et al. for the ZnS:Cu”*" and ZnO:Ga nanocrystals, respec-
tively [28, 29]. If we further increase the doping concen-
tration above this value, the intensity of the Ag related
emission suddenly drops and can be interpreted as the
effect of the concentration quenching [30, 31].

To see the effect of stoichiometry variation in the optical
property of doped CdZnS alloy nanocrystals, we have
SyntheSiZed Cd0.0an.os, Cdo_zzn().gs, Cd0_4Zno.GS,
Cdy.6Zng 4S, CdygZng,S and Cdy ¢Zng oS alloy composi-
tion with a fixed concentration of Ag dopant (8 M %).
Photoluminescence spectra of Cd;_,Zn,S:Ag alloy
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Fig. 7 PL spectra recorded for the Ag ion (8 M %) doped
Cdo,Oan_OS, Cd()_zzl’l()_gs, Cd0_4Zn0_6S, CdOﬁZnMS, Cdo»gzno_zs and
Cd, gZng oS alloy nanocrystals corresponding to their band edge
excitation wavelength

nanocrystals are recorded by photoluminescence spectro-
photometer as shown in Fig. 7. A red shift (from blue
region to red region) in PL peak position is observed with
increasing the Cd content in the Ag-doped CdZnS alloy
nanocrystals. We have also performed the PL measure-
ments for the undoped Cd;_,Zn,S (0 <x < 1) alloy
nanocrystals and observed that the emission peak shift
from blue to green region [19]. PL spectra for the undoped
nanocrystals arise from the transition of electron trapped in
the sulfur vacancy to the valance band, while for doped
samples PL spectra can be attributed to the localized
energy level introduced by the dopant ion, which acts as an
acceptor impurity, and the emission arises from the elec-
tron transition from the sulfur vacancy to the Ag dopant
impurity level. Increasing stoichiometric ratio of Cd/Zn in
the alloy nanocrystals reduces the band gap energy of the
ternary system. (according to vegard’s empirical quadratic
equation E., =242+ 09 x + 0.3 xz) [32]. Any change
in the position of donor and acceptor level introduced by
the native defects, and impurity ions depends on the
composition of the alloy. It is also observed by Gross et al.
in 1959 that the energy difference between the various
states associated with luminescence process are shown to
decrease monotonically as the forbidden band gap is
decreased with increasing Cd concentration in bulk
CdZnS:Ag crystals [33]. Since the energy level of Ag
impurity always lie near the valance band within the band
gap, therefore, any change in the valance band position
with composition will also shift the position of Ag level in
accordance with the Gross et al. and results in the emission
tunability in the PL spectra.

Conclusion

Synthesis of high quality luminescent and free standing
Cd;_«Zn,S (0 < x < 1) nanocrystals doped with Ag ion is
first time reported by chemical precipitation method. We
have systematically examined the photoluminescence
properties for a fixed composition of alloy with varying
amount of Ag doping concentration. Doping concentration
significantly improved the emission intensity correspond-
ing to the dopant ion up to an optimum concentration.
X-ray diffraction and UV-Vis absorption spectra show the
increase in particle size with increasing doping concen-
tration. HRTEM image reveals the crystalline nature of the
particle having cubic structure with average grain size less
than 5 nm. Absorption and Raman investigation confirms
the formation of alloy nanocrystals. For the fixed Ag ion
doping concentration, the PL spectra of the samples show
the emission tunability in full visible range with the change
in composition of the alloys and can be used for the white
light generation.
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